Chemokines and their receptors govern physiologic and pathologic leukocyte trafficking. The function of the chemokine system may be of particular interest for hematogenous leukocyte infiltration of the central nervous system (CNS) because of the distinct character of CNS inflammation and the exquisite specificity with which the chemokine system regulates cellular migration events. This review summarizes recent information about the expression and function of elements of the chemokine system in CNS inflammatory processes. Animal models of CNS demyelinating disease and the corresponding human disorder, multiple sclerosis are both considered.
pressing EAE even after T cell entry into the CNS, indicating an effect on secondary recruitment of inflammatory cells. Of interest, anti-VLA-4 diminished the pathologic impact of infection with either of two neurotrophic viruses, Borna or Semliki Forest, without evident enhancement of viral replication within the CNS [9, 10] .
The activation of integrins (a lightning-like process required for firm leukocyte-endothelial adhesion) requires signaling through Gai-linked receptors, of which the best characterized are members of a superfamily of receptors for chemokines, formyl peptides, and leukotrienes [11] [12] [13] . The role of chemokines in leukocyte entry into lymphoid organs is well established [14] , and there is now support for extending this paradigm to CNS endothelial beds [7] . After firm adhesion, migrating inflammatory cells penetrate the endothelial layer and migrate into the CNS perivascular space, a process dependent on platelet endothelial adhesion molecule-1 [15] .
Migration of inflammatory cells within the CNS parenchyma is poorly understood but may be directed by chemotactic gradients created by chemokines that diffuse from sites of production at foci of inflammation [16] . CNS glial cells can be stimulated for chemokine production by cytokines produced by T cells that recognize their cognate antigen, presented by resident APC [17] . In vivo studies indicate that resident glia, including astrocytes, express chemokines in great abundance [18] in both autoimmune and antiviral inflammatory responses [19] .
Chemokines. More than 40 human chemokines have been identified to date [20] (available at http://cytokine.medic .kumamoto-u.ac.jp/CFC/CK/Chemokine.html). One major question confronting "chemokinologists" is why so many chemokines exist, given a limited number of target cell populations. A collateral issue concerns overlapping chemokine-chemokine receptor interactions, since one chemokine receptor may respond to several chemokine ligands, and individual chemokines may engage more than one receptor [21] . There are two broad proposals to account for these phenomena. The first is that redundancy provides a sufficient safety factor in the system to ensure adequate host defense [22] . An alternative concept specifies intricate interplay among chemokines and their receptors, parceling out individual functions among closely related molecules [23] . It is evident that the two notions are not mutually exclusive.
On the basis of chemokine structure there are four chemokine subfamilies [20] and two main chemokine subfamilies: CC and CXC. CC chemokines are typified by the presence of two adjacent cysteines near the N-terminus; in CXC chemokines the corresponding cysteine residues are separated by 1 amino acid. Two additional chemokine subfamilies, C and CXXXC, have at present two members each. CX3CL1 and CXCL16 are anchored to cellular plasma membranes by a transmembrane domain and a cytoplasmic tail, with the chemokine domain perched at the terminus of an extracellular stalk-like motif.
Structural differences in chemokine families carry functional implications. CC chemokines attract receptor-bearing mononuclear leukocytes (monocytes, lymphocytes), basophils, eosinophils, and dendritic and NK cells. One large subgroup of CXC chemokines containing an ELR (glutamic acid-leucine-arginine) motif located near the N-terminus is uniformly neutrophil-specific. CXC chemokines lacking the ELR motif are inert toward neutrophils but are potent lymphocyte chemoattractants. C and CXXXC chemokines predominantly stimulate migration of mononuclear inflammatory cells.
Chemokine receptors. Chemokines act on target cells through specific receptors belonging to the enormous superfamily of heptahelical G protein-coupled receptors (available at http:// www.gpcr.org/7tm/). There are receptor subfamilies for each chemokine subfamily. Predictably, these are designated CCR, CXCR, XCR, and CXXXCR. To date, 6 CXC chemokine receptors (CXCR1-6) and 10 CC chemokine receptors (CCR1-10) have been assigned formal chemokine receptor designation based on demonstrated signaling in response to defined ligands. C and CXXXC chemokine subfamilies (lymphotactin and fractalkine) have 1 identified receptor (XCR1 and CXXXCR1, respectively) each [20, 24] .
Chemokine receptors can be stimulated by у1 chemokine ligand [25] . Chemokine receptors usually do not cross subfamily barriers. Instructive exceptions include the Duffy antigen receptor for chemokines (DARC) and D6, each of which binds multiple chemokines from both CXC and CC subfamilies, but neither of which generates cellular responses to receptor engagement. DARC is localized on erythrocytes, postcapillary venules, and cerebellar Purkinje cells [26] . Because of its abundance on blood erythrocytes, DARC is suspected to be a "sink" for chemokines, binding chemokine peptides whose presence in high concentration in the circulation would cancel gradients into tissue.
Viruses, particularly those of the herpesvirus and poxvirus families, encode chemokine and chemokine receptor homologues and chemokine-binding proteins. It has been proposed that such interference with the endogenous chemokine system might promote viral propagation or allow viruses to elude host defenses [27, 28] . Chemokine receptors also support pathogen entry, most prominently for human immunodeficiency virus (HIV) and Plasmodium falciparum. There is an intricate relationship between the chemokine system and HIV infection of the CNS [29] . Considerable attention has been devoted to the potential role of HIV envelope/chemokine receptor interactions in HIV-associated encephalopathy [30, 31] .
State of the Art
Chemokines and receptors during inflammatory demyelination. About one decade ago, studies showed high-level expression of many chemokines during the active phase of EAE [32] [33] [34] [35] [36] . This expression was mostly detected in astrocytes localized around inflammatory foci [18] . The kinetics of chemokine expression suggested that they were probably responsible for amplification of the ongoing inflammatory reaction but not its initiation [37, 38] . In the chronic relapsing variant of EAE, chemokines were produced during spontaneous disease relapse, some (monocyte chemoattractant protein CCL2 [trivial nomenclature: MCP-1], CXCL10 . and CXCL1 [KC] by astrocytes, and others, CCL3 (MIP)-1a) and CCL5 (RANTES) by migrating inflammatory cells [39] .
These observational studies led to functional analysis of the chemokine system by using either blockade with neutralizing antibodies or examination of disease in chemokine or receptor knockout mice. The results indicated complex regulation of EAE by chemokines and their receptors [40] (e.g., anti-CCL3 inhibited disease), while CCL3 knockout mice experienced EAE equally as severe as their littermates [41, 42] . Satisfying concordance was found, however, for CCL2 as neutralizing antibodies suppressed relapses of disease in chronic EAE, and knockout mice exhibited a compatible phenotype in the same disease paradigm [43, 44] . Other agreeably interpretable results came from studying mice deficient for either CCL2 or CCR2, its major leukocyte receptor, both of which were resistant to induction of monophasic EAE [44] [45] [46] . Results with other knockout or antibody-blockade experiments have yet to be satisfactorily explained. For example, mice lacking CCR1 experience significantly milder disease than controls, but assignment of the relevant ligand has not been achieved [47] .
In viral models of neuroinflammation, especially those that produce demyelination, CNS chemokine expression resembles that observed in EAE [48] [49] [50] [51] . For example, CXCL10 and CCL5 are robustly produced in the virus-infected CNS both acutely and chronically [50, 51] . CXCL10 has been assigned a critical role in mouse hepatitis virus (MHV)-induced disease. It was implicated in early responses that were required for efficient clearance of virus. However, at later time points, elevated CNS CXCL10 levels in MHV-infected mice were associated with virus-induced inflammatory demyelination [52, 53] . Compatible contributions of CXCL10 to demyelination were delineated in the EAE model by use of anti-CXCL10 antibodies [54] . Further EAE experiments in CXCL10-deficient mice will provide an important complement to these studies.
Examining the chemokine system in multiple sclerosis (MS) patients. Results obtained in MS animal models accelerated research on the human disease. Shortly after initial data from EAE were published, MS results were reported and were gratifyingly compatible with data from animal studies [55] [56] [57] [58] [59] [60] . Similarities between MS and EAE concerned both chemokines that were present at high levels and the cellular sources of these chemokines. By in situ hybridization, CCL5 was expressed by inflammatory cells in perivascular foci in MS brains as previously shown in EAE [61] . CCL2 and CXCL10 were detected predominantly in astrocytes in active MS lesions, similar to EAE [62, 63] . Further, infiltrating inflammatory cells expressed the cognate receptors for these chemokines: CXCR3 (CXCL10 receptor) was localized on lymphocytes in MS lesions, with CCR5 (CCL5 receptor) on lymphocytes, macrophages, and microglial cells in active MS lesions [58, 64] .
The cerebrospinal fluid (CSF) is in equilibrium with the extracellular space of the CNS white matter and is separated from the systemic circulation by the blood-CSF barrier [65] . Unlike most animal models of demyelination, human CSF cells and supernatants are accessible for study. A colleague and I recently reviewed opportunities and challenges for examining chemokines and their receptors in such material [55] .
In another study, my colleagues and I observed that about 90% of T cells from the CSF of MS patients expressed CXCR3 [64] , but levels in corresponding blood samples were significantly lower (!40%). These findings were reproducibly observed in both MS patients and controls. Enrichment of CXCR3 ϩ cells in CSF was not specific for MS; similar proportions of CXCR3 ϩ T cells in CSF and peripheral blood were found in patients with aseptic meningitis [64] .
We made similar comparisons for other chemokine receptors (CCR1-6, CXCR3). Because CSF T cells are enriched for the CD4 ϩ /CD45RO ϩ subset, corrections were introduced to ensure that comparable cell populations were analyzed in blood and CSF. We then found that CXCR3, but not other receptors, was present at higher levels on CSF cells than on the corresponding population in blood [66] . We also showed enrichment for CCR1 ϩ /CCR5 ϩ monocytes in the CSF as compared with circulation [67] . There were no differences between MS patients and controls without inflammatory CNS disease in regard to expression of chemokine receptors on CSF cells. We interpret this result as indicating that a population of tissue-infiltrating cells is competent to enter the CSF. These cells reenter the circulation, unless specific stimuli provoke their retention. During CNS inflammation, these T cells and monocytes receive signals via chemokine receptors and are retained in the subarachnoid space [55] .
CSF chemokine levels differ in MS patients and controls. The differences extend both to inflammatory and noninflammatory controls; further, patients with active MS exhibit different CSF chemokine levels than those with quiescent disease. In particular, increased concentrations of CXCL10 and decreased amounts of CCL2, as compared with levels found in noninflammatory controls, typify the CSF of patients during attacks of MS but not in periods of disease inactivity [64, 68, 69] . Furthermore, reduced CSF CCL2 correlates with likelihood of detecting active (gadolinium-enhancing) lesions on magnetic resonance imaging of the brain [70] . Patients with aseptic meningitis have elevated CXCL10 with raised CSF CCL2 concentrations [70, 71] . Patients with HIV-associated dementia exhibit massive increases in CSF concentration of CCL2 [72] . It has been tempting to speculate that decreased CSF CCL2 in active MS might reflect a polarization of the immune response toward a type 1 cytokine profile as CCL2 is associated with type 2 responses in some experimental systems [73] .
Summary
Analysis of the chemokine system promises to provide insight into mechanisms of CNS inflammatory reaction; however, the complexity of neuroinflammation is matched by the diversity and large number of chemokines and chemokine receptors. Nevertheless, significant advantages to study of chemokines are evident: Genetic murine models abound and reagents for analyzing chemokines and their receptors have proliferated in recent years. At this point, it appears feasible to obtain useful information about neurologic disease mechanisms by examining the chemokine system. Of most importance, the availability of small molecule inhibitors or agonists for chemokine receptors provides a near-term practical motivation for continuing these studies.
